Two sounds associated with spawning lake trout (Salvelinus namaycush) in lakes Huron and 37
Champlain were characterized by comparing sound recordings to behavioral data collected using 38 acoustic telemetry and video. These sounds were named growls and snaps, and were heard on 39 lake trout spawning reefs, but not on a non-spawning reef, and were more common at night than 40 during the day. Growls also occurred more often during the spawning period than the pre-41 spawning period, while the trend for snaps was reversed. In a laboratory flume, sounds occurred 42 when male lake trout were displaying spawning behaviors; growls when males were quivering 43 and parallel swimming, and snaps when males moved their jaw. Combining our results with the 44 observation of possible sound production by spawning splake (Salvelinus fontinalis × Salvelinus 45 namaycush hybrid), provides rare evidence for spawning-related sound production by a 46 salmonid, or any other fish in the superorder Protacanthopterygii. Further characterization of 47 these sounds could be useful for lake trout assessment, restoration, and control. Our objective was to characterize sounds associated with lake trout spawning, given the 89 hypothesis that sounds are produced by spawning lake trout to coordinate reproduction. We 90 evaluated the predictions that follow as an initial test of this hypothesis: sounds associated with 91 lake trout spawning should (1) be present during the spawning period on spawning reefs at night 92 (when lake trout spawn; Muir et al., 2012), but not on non-spawning reefs, (2) be most common 93 when spawning behaviors are directly observed on spawning reefs, and (3) be detected in a 94 D r a f t 5 laboratory flume when spawning behaviors are observed. Prediction 1 was tested by deploying 95 autonomous acoustic recorders in northern Lake Huron in the Drummond Island Lake Trout 96
Refuge on well-characterized spawning and non-spawning reefs during the pre-spawning and 97 spawning season (Binder et al. 2015 (Binder et al. , 2016 ). Prediction 2 was tested by deploying a time-98 synchronized acoustic recorder and video camera in Lake Champlain at a well-known spawning 99 reef and correlating the presence of lake trout and their reproductive behaviors to specific 100 sounds. Prediction 3 was tested by deploying a time-synchronized acoustic recorder and video 101 camera in a laboratory flume where lake trout were actively displaying spawning behaviors. 102
103

Methods
104
Prediction 1: Sounds associated with lake trout spawning should be present during the spawning 105 period on spawning reefs at night, but not at nearby non-spawning reefs. 106
Hydrophone deployment 107
Four digital spectrogram long-term acoustic recorders (DSG; Loggerhead Instruments 108 Inc., Sarasota, FL) were deployed in the Drummond Island Lake Trout Refuge between 16 Oct 109 2014 and 14 Nov 2014; two were deployed at locations where lake trout are known to spawn 110 annually and two were deployed at locations with similar substrate that are known not to be used 111 by lake trout for spawning ( Fig. 1 ; Binder, personal observation). Evidence of spawning was 112 based on the presence of eggs. The DSGs were secured to concrete blocks using cable ties and 113 the hydrophone component of the DSG was positioned parallel to the bottom. To control for 114 environmental noise such as rain and waves, all sites were less than 3.5 m deep, had rocky 115 substrate, and were equally susceptible to wave action (large waves typically come from the 116 south and east at these sites). Based on egg surveys (S. Farha, personal observation), and fine-117 peaked between 27 October and 01 November, but trout were present on the reef starting in early 120
October and until at least mid-November when the hydrophones were removed (Binder et al. 121
2016). 122
Data subsampling 123
Limitations on data storage precluded continuous recording during the deployment 124 period, so the DSGs recorded three minutes out of every ten. For example, data were recorded 125 from 0800 to 0803, not recorded from 0803 to 0810, recorded again from 0810 to 0813, and so 126 on during the deployment period. DSG 1202 failed shortly after deployment, so data were only 127 available from one spawning reef. Analyzing all the sound files was not possible given the 128 staffing available, so the data were subsampled such that there were sufficient data on which 129 contrasts between location (spawning versus non-spawning), spawning period (pre-spawning 130 versus spawning), and time of day (night versus day) could be evaluated (Table 1) . 131
Data processing 132
Individual sounds were discriminated and analyzed directly from the field recordings. 
Data analysis 144
For each type of sound classified, we manually evaluated whether the frequency of 145 occurrence of that sound, defined as the number of times each sound occurred during each 3 min 146 clip subsampled from each time period, varied with hydrophone deployment site (spawning or 147 non-spawning), period (pre-spawning or spawning), and time of day (night or day) using general 148 linear models. Specifically, to determine if a sound was more frequently observed at the 149 spawning site versus the non-spawning site during the spawning period at night, data IDs 2 150 (spawning) and 4+5 (non-spawning) as presented in Table 1 were contrasted. To determine if a 151 sound at the spawning site during the spawning period was more frequently observed at night 152 than during day, data IDs 2 and 3 were contrasted. To determine if a sound at the spawning site 153 at night was more common during the spawning season than during the non-spawning season, 154 data IDs 1 and 2 were contrasted. Model assumptions of residual heteroscedasticity were 155 evaluated and, if needed, data were square-root transformed (in this case growls and snaps 156 needed transformation). Laguna Ponds, Mansfield, MA) were used to illuminate the reef without apparent disruption to 176 lake trout behavior. Divers deployed and retrieved the gear and did not observe lake trout eggs 177 when the equipment was deployed, but observed eggs when it was retrieved. The camera was 178 able to monitor approximately 25% of the reef, but the hydrophone likely detected all sounds 179 produced in association with spawning at that reef, although no range tests were conducted. As 180 such, sounds detected on the hydrophone could have been produced by lake trout that were not 181 visible on the camera, making correlation of specific sounds to specific behaviors tenuous. 
Data analysis 244
The frequency of specific sound types and their association with specific lake trout 245 spawning behaviors were summarized. First, all sound data collected were reviewed using 246
Goldwave as described in the methods for predications 1 and 2. Then, an observer reviewed lake 247 trout behavior 2.5 sec before and after each specific sound, noting spawning behaviors 248 (following, parallel swim, quiver…etc) as described in the methods for prediction 2. 249 250 and gulp), of which snaps, growls, and gulps were heard exclusively at the Drummond Island 255 spawning reef, so only those three sounds were of interest as lake trout spawning sounds (Table  256 2). Gulps, while being exclusively detected at the spawning reef, were relatively rare, were 257 likely environmental noise, and were not heard at the Lake Champlain site (see prediction 2). 258
However, snaps and growls were recorded frequently at both locations and were regular in 259 acoustic structure and therefore were further characterized. Snaps and growls were similar in 260 duration (approximately 1.5 s; Fig. 2 ), but snaps had a stable frequency distribution up to 261 approximately 170 Hz without a clear dominant frequency within that range (Fig. 2D) . Growls 262
were of lower frequency, with peak frequencies at 20 and 50 Hz and little energy above 100 Hz 263 (Fig. 2B) . 264
During the spawning period on the Drummond Island reef, growls and snaps were heard 265 at higher rates at night than during the day (growls: t = 7.32, p <0.001; snaps: t = 3.57, p < 266 0.001), whereas gulp rates did not vary with time (Table 2 ; gulps: t = 0.17, p = 0.867). The 267 frequency of growls was higher during the spawning period at night than during the pre-268 spawning period at night (growls: t = 7.38, p < 0.001), but the frequency of snaps was higher 269 during the pre-spawning period than the spawning period (t = 2.64, p = 0.009). The frequency of 270 gulps did not differ between pre-spawning and spawning periods (gulps: t = 0.32, p = 0.746). 271
272
Prediction 2: Sounds associated with lake trout spawning will be most common when lake trout 273
and their spawning behaviors are observed. 274
As in Lake Huron, snaps and growls were also heard at the lake trout spawning site in 275 Lake Champlain during the spawning season and were most common at night ( Fig. 3 ; 276 D r a f t 13 Supplemental sound files S1 and S2; Supplemental video 1). No other fish species were observed 277 on our camera except for a few schools of yellow perch (Perca flavescens) during the day; 278
American eels (Anguilla rostrata) were also observed at the site on a different camera. Gulps 279
were not heard and were thus dismissed as an artifact of the sampling location at the Drummond 280
Island spawning reef. Lake trout were observed on the camera at all times of day, but were much 281 more abundant during the night (Fig. 3) . Of all the lake trout spawning behaviors quantified, only 282 following, parallel swimming, and jockeying were observed frequently (roughly between 5-40 283 individual behaviors each 3 min). An inability to consistently observe other spawning behaviors 284
was likely a function of the high density of lake trout present at night and the limited viewing 285 distance of the camera (lake trout courting and spawning can occur over tens of meters; 286
Supplemental video 1). 287
The number of fish, follows, parallel swims, and jockeying observed during each 3-min 288 period were positively correlated (Pearson correlation coefficient greater than 0.42 and p-value 289 <0.001 for all contrasts; Fig. 4) , so AIC was used to determine which individual response 290 variable best explained variability in snaps and growls. For both snaps and growls, number of 291 lake trout observed best explained variability (Table 3) . Of the other explanatory variables 292 evaluated, parallel swimming ranked second for explaining the number of snaps and jockeying 293 ranked second for explaining the number of growls. 294
Prediction 3: Sounds associated with lake trout spawning will be detected in a lab when 295 spawning behaviors are observed. 296
Snaps and growls were observed in a laboratory flume containing lake trout displaying 297 spawning behaviors (Table 4 ). Most sounds were observed when lake trout were moving (~70 -298 80%) and most of the movement was attributed to the males (~60-80%; Table 4) rather than the 299 D r a f t 14 female. While specific sounds were not always associated with specific spawning behaviors, 300 about 50% of the snaps were associated with nudging and jaw movements (nips and snaps; 301 supplemental video 2) and about 70% of the growls were associated with quivering and parallel 302 swimming ( Fig. 5; Supplemental video 3) . 303
While reviewing the sound data, a third sound, herein named thump, was often heard 304 (Table 4) . Thumps sounded similar to growls, with the primary difference being that thumps 305 were singular and growls resembled drawn-out drumming. Thumps were characterized as 306
sounds of approximately 0.1-0.15 s duration with peak frequency of 60-70 Hz and a rapid fall-off 307 of acoustic energy with increasing frequency above 100 Hz (Fig 6) . Thumps were generally not 308 associated with a specific behavior and were heard when lake trout were following, parallel 309 swimming, nudging, moving their jaws, and quivering (Supplemental video 4). Although the 310 lake trout displayed mating behaviors in the flume, no eggs were deposited during these 311
experiments. 312 313
Discussion 314
Our results provided evidence for sound production by lake trout during reproduction. 315
Two sounds, snaps and growls, were recorded from populations of lake trout in northern Lake 316
Huron and Lake Champlain. Snaps and growls were observed exclusively at lake trout spawning 317 reefs, were more common at night, and were directly correlated with lake trout spawning 318 behaviors. Furthermore, snaps, growls, and thumps were heard in a laboratory flume at specific 319 times when lake trout displayed mating behaviors. Combining our results with the observation 320 were parallel swimming, indicating that physical contact between two fish or fish and the 338 substrate may not be required to produce growls. The snap sounds were higher in frequency than 339 typical swim bladder sounds, but sounds produced by other fish species have often been reported 340 at these frequencies (reviewed in Ladich 2004; Kasumyan 2008). Snaps were also observed in 341 the lab when lake trout moved their jaws, but also when lake trout were nudging and when lake 342 trout were displaying no specific spawning behaviors. Both sounds recorded at the lake trout 343 spawning areas were also recorded frequently in the lab and were regular in acoustic structure, 344
suggesting that some of them were volitional sounds. The "thunps" recorded in our lab study are 345 The seasonal and diel patterns of sound production, and spawning behaviors associated 364 with snaps and growls in the lab and field, hint at their source and behavioral relevance. At 365 Drummond Island Reef, snaps were more common during the pre-spawning period than the 366 spawning period despite similar numbers of lake trout being present (Fig. 1) . We speculate that 367 snaps may be produced primarily by males, who aggregate at spawning locations several weeks 368 D r a f t prior to spawning and the arrival of females (Muir et al. 2012); snaps may signal to females the 369 presence of spawning substrate, availability of a number of potential mates, and may also be an 370 aggressive signal among males. Indeed, our laboratory analysis found that snaps occur when 371 males close their jaw, often during male-to-male conflicts, but can also occur when males nudge 372 each other. Growls were relatively uncommon during the pre-spawning period, but very 373 common at night during the spawning period, and may be produced by either sex during 374 courtship or spawning. As such, they may be intentional signals that serve to attract mates or 375 repel competitors, or may simply be produced incidentally while expressing gametes; for 376 example, Pacific salmon gape widely during spawning (Esteve 2005) , though any associated 377 sounds have not been recorded. Our laboratory experiments show that growls were most 378 common when quivering, but also occurred when male trout were parallel swimming (limited 379 physical contact). Interestingly, snaps and growls were predominantly detected at night, but 380 telemetry and video data from both populations show that lake trout were still present on the 381 spawning reefs during the day. Therefore, the presence of lake trout alone does not explain our 382 recordings of snaps and growls on spawning reefs; instead, sounds were associated with lake 383 trout that were actively spawning. While our results allow speculation on the behavioral function 384 of sounds produced by spawning lake trout, many questions remain regarding the mechanism 385 and context of sound production, and the detection and response to sounds produced by 386 conspecifics. 387
The quantity of snaps and growls detected at the Gordon Landing breakwall was 10 -20 388 times greater than that detected at Drummond Island spawning reef, which may have been due to 389 a higher density of spawning lake trout at Gordon Landing. However, we do not know the actual 390 number of lake trout that used each reef, and so cannot accurately calculate lake trout density. 391 D r a f t Regardless, we observed over 100 trout per minute within 5 m of our camera during the night at 392
Gordon Landing, so many lake trout were present. The exceptionally high density of lake trout at 393 the Gordon Landing breakwall in Lake Champlain resulted in lake trout obscuring the behaviors 394 of other individuals behind them. This, and the limited observational viewing distance of the 395 camera likely explained why we observed few spawning events at the Gordon Landing breakwall given that snaps and growls were associated with lake trout spawning behaviors (not just the 407 presence of non-spawning lake trout), and the sounds were observed in a diel pattern consistent 408 with lake trout spawning activity. Acoustic stimuli could also be used to increase use of artificial 409 or restored spawning habitats, as has been suggested for putative olfactory stimuli (Buchinger et 
